The urochordate Ciona savignyi is an emerging model organism for the study of chordate evolution, development, and gene regulation. The extreme level of polymorphism in its population has inspired novel approaches in genome assembly, which we here continue to develop. Specifically, we present the reconstruction of all of C. savignyi's chromosomes via the development of a comprehensive genetic map, without a physical map intermediate. The resulting genetic map is complete, having one linkage group for each one of the 14 chromosomes. Eighty-three percent of the reference genome sequence is covered. The chromosomal reconstruction allowed us to investigate the evolution of genome structure in highly polymorphic species, by comparing the genome of C. savignyi to its divergent sister species, Ciona intestinalis. Both genomes have been extensively reshaped by intrachromosomal rearrangements. Interchromosomal changes have been extremely rare. This is in striking contrast to what has been observed in vertebrates, where interchromosomal events are commonplace. These results, when considered in light of the neutral theory, suggest fundamentally different modes of evolution of animal species with large versus small population sizes.
[Supplemental material is available online at www.genome.org and at mendel.stanford.edu/sidowlab/ciona.html.]
Comparative analysis between the sister species Ciona savignyi and Ciona intestinalis offers a unique opportunity to understand the evolution of genomes. These ocean-dwelling broadcast spawners represent urochordates, the closest living sister group to the vertebrates (Delsuc et al. 2006) . Urochordates have the basic set of genes and morphological features shared among chordates without the increases in complexity and redundancy that occurred along the vertebrate lineages. They are therefore attractive, simple, model organisms for studying chordate developmental mechanisms and evolution (Nishida 1987; Corbo et al. 1997; Harafuji et al. 2002; Davidson and Levine 2003; Satoh et al. 2003; Johnson et al. 2004; Meinertzhagen et al. 2004; Brown et al. 2007 ).
In the work presented here, we describe the construction of the genetic map for C. savignyi. We integrate this map with the existing genome sequence assembly, extending the contiguity of the assembly to the scale of chromosomes. We then use the extended assembly to compare the chromosomes of C. savignyi and C. intestinalis, to address questions about the persistence of genome architecture through evolution. The genetic map, extended assembly, and shareable markers produced by this work will facilitate forward genetics and comparative genomics in C. savignyi, an emerging model system.
The ∼170-Mb genomes of C. savignyi and C. intestinalis had both been sequenced to draft-level coverage ‫ן7.21(‬ and ‫,ן8‬ respectively) (Dehal et al. 2002; Vinson et al. 2005 ). In C. intestinalis, 498 of the 4713 original WGS assembly fragments, representing 59% of the genome, were subsequently joined into larger composite fragments using BAC end sequencing and then mapped to the 14 chromosomes by fluorescent in situ hybridization (Shoguchi et al. 2006) . Initial construction of the C. savignyi genome sequence, which was complicated by an extreme level of polymorphism (Small et al. 2007a ), resulted in a double assembly that contained both haplomes of the single diploid individual that was sequenced (Vinson et al. 2005) . Contiguity of the genome was significantly improved later by the merging of overlapping haplotypic fragments, and the parsing of a single reference sequence from the two alleles (Small et al. 2007b ). Currently, the C. savignyi reference genome consists of 374 assembly fragments ("reftigs") with an N50 size of 1.8 Mb.
The small number of reftigs, and their large sizes, provided the opportunity to construct a genetic map without first generating a physical map, which is usually required as a bridge between a sequence assembly and the mapping of assembly fragments to chromosomes. Furthermore, candidate markers for the map could be identified by computational screening instead of experimental isolation because the whole genome sequence was available. In light of the extreme degree of polymorphism in the C. savignyi population, informative markers were virtually guaranteed, but their amplification by PCR could be hampered by polymorphisms residing in primer sites. We therefore chose to develop markers whose primer binding sites would be in genomic regions that would have a low likelihood of being polymorphic, but which would amplify sequence that does bear sufficient neutral variation. Neighboring exons that would contain the primer sites, with the intervening intron providing polymor-phisms as part of the amplicon, were the markers we settled on developing.
The extreme level of polymorphism meant that parents were sufficiently heterozygous for using a one-generation mapping cross. The choice of a one-generation mapping strategy meant that phase inference on the genotypes had to be incorporated into calculation of the map, which turned out to be straightforward, given the extreme level of polymorphism and the relatively even, close, spacing of markers that was achievable due to the availability of a sequence. Construction of the map enabled consolidation of the genome assembly into chromosomes containing ordered, and often oriented, reftigs.
The whole-chromosome reconstructions for both Ciona genomes afforded the opportunity to investigate the extent to which rearrangement events have broken up colinearity and synteny since the two species' last common ancestor. (We use the term "synteny" to describe only retention of orthologous sequence on an ancestral chromosome, regardless of order or orientation, and the term "colinearity" to describe the conservation of order among orthologous sequences.) Comparisons in both flies and worms, over evolutionary distances comparable to those between the two Cionas, have shown that synteny has been highly conserved but colinearity has been almost completely lost (Richards et al. 2005 ; Drosophila 12 Genomes Consortium 2007; Hillier et al. 2007 ). In contrast, comparisons within classes of vertebrates (such as fish and mammals), whose members are not as diverged as the two Cionas, have shown that synteny has been largely abolished by interchromosomal rearrangements (Mouse Genome Sequencing Consortium 2002; Bourque et al. 2004 Bourque et al. , 2005 Gibbs et al. 2004; Jaillon et al. 2004; Zhao et al. 2004; Woods et al. 2005; Kasahara et al. 2007 ). Interchromosomal rearrangements are common even between mouse and rat, two species whose neutral evolutionary distance is less than onetenth of that between the two Cionas (Gibbs et al. 2004) .
To estimate the extent of synteny and colinearity between the two Cionas, we made use of previously generated pairwise sequence alignments of the two genomes (Brudno et al. 2003 (Brudno et al. , 2007 . By remapping these alignments to the C. savignyi chromosomes that resulted from the genetic mapping effort, we were able to investigate chromosomal evolution since the last common ancestor of the two species. Synteny and colinearity patterns in Ciona are much more similar to those found in the clades of Caenorhabditis and Drosophila, and quite distinct from vertebrates, which are much more closely related to Ciona than the other invertebrates. An intriguing hypothesis concerning the evolution of large-scale genome structure presents itself when these phylogenetic patterns are considered in light of the neutral theory (Kimura 1983) . Specifically, the high efficacy of purifying natural selection, which is caused by the large effective population size of these invertebrate species, may be the root cause of the paucity of interchromosomal changes in comparison to an otherwise extreme divergence in genome structure.
Results
One-hundred-eighty-two highly informative and portable markers A central feature of our approach was to target specific assembly fragments ("reftigs") (Small et al. 2007a ) for mapping. To ensure reliable amplification of marker loci in such a polymorphic species, we used PCR-based markers in which the primers bind to adjacent exons and amplify the intervening intronic sequence. To further enhance the likelihood of amplification, we restricted the primer binding sites to those with limited potential for synonymous polymorphism. This approach reduced amplification failure of candidate loci to 5%, a 10-fold reduction over primers targeted to untranslated sequences.
Before a pair of PCR primers could be used for mapping, it had to be characterized and validated. Marker characterization consisted of testing for amplification and determining which of eight enzymes with a 4-bp recognition sequence revealed an unambiguous banding pattern for each genotype. For each targeted region (one, two, or three per reftig, depending on reftig size) we selected multiple primer pairs in close physical proximity, but not amplifying the same intron. These nearby markers were expected to be genetically redundant, and thus co-segregation of alleles between them was used to verify correct targeting. The primer pair and enzyme combination producing the clearest banding pattern for each of the up to four segregating genotypes was then used as the marker for final mapping. Starting with almost 800 primer pairs and examining nearly 2000 combinations of amplicons digested with different enzymes, we identified 182 markers to 178 distinct target regions. One hundred fortytwo markers were informative for recombination in both parents. The remaining markers were informative for recombination in just one parent. For two target regions, two different markers were used, each informative for a different parent. These markers were used to construct the full genetic map.
To test the portability of the characterized markers, a sample of 12 markers was tested on individuals from a population different from that of the cross. All 12 amplified robustly, and the segregating alleles were different from those of the mapping progeny (not shown). This demonstrates that the markers developed here for genetic mapping can be ported to other populations.
Genetic map construction
From the segregation data obtained by assaying the 182 markers in each of the 48 cross progeny, we constructed a genetic map. Map construction was accomplished with methodology that was specifically developed for this project because of the unusual nature of the cross and the markers, and proceeded in five phases: (1) assessment of linkage between pairs of markers, (2) formation of linkage groups, (3) parental haplotype inference within each linkage group, (4) ordering of markers within linkage groups, and (5) multipoint estimation of intermarker distances. The segregation data allowed us to resolve 110 of the 182 markers into distinct genetic loci clustering into 14 linkage groups (Fig. 1) . The longest group was 118 cM, the shortest, 3.2 cM, with other groups falling between 17 and 61 cM. Collectively, the map spans 650 cM.
Weak linkage was detected between linkage groups 6 and 14, but only for alleles inherited from one parent. The comparative analysis performed between C. savignyi and C. intestinalis, discussed in greater detail below, suggests that this linkage is spurious. We, therefore, kept linkage groups 6 and 14 unlinked and separated.
Integrated genetic map
Targeting markers to specific reftigs enabled reconstruction of chromosomes corresponding to each of the linkage groups. For each linkage group, we ordered reftigs to be consistent with ordering of the markers determined by the genetic map. This let us place 104 of the largest reftigs, cumulatively representing 83% (146.8 Mb) of the reference sequence, onto chromosomes. In addition, we could orient 36 of the largest reftigs that contained multiple genetically resolved markers. Of the 56 reftigs >1 Mb, 54 have now been mapped. In only nine instances were we unable to confidently order small subgroups of reftigs (e.g., Fig. 1 , chromosome 10 reftigs 304 and 193) .
Our approach appears to have resulted in complete coverage of the genome. In fact, in an effort to extend the map and place additional reftigs, 11 of the 182 markers were actually developed after a preliminary map had been built. All of the additional markers were found to be linked to the previously identified linkage groups. A complete list of the reference sequence reftigs, and their inferred order and orientation, is provided in Supplemental Table 1 .
Tight integration of the genetic map and sequence data enabled us to estimate additional genome parameters. The newly assembled 650-cM map accounts for 83% of the sequenced genome; therefore, given certain simplifying assumptions, we estimate the full genetic map length to be at most 783 cM. From 60 pairs of loci located on the same reftig, the average rate of recombination is 200 kb/cM, and recombination events appear to be roughly Poisson distributed. Finally, the regular spacing achieved by targeting markers to fragments puts any point on the genome within an average of 4.4 cM (880 kb) from the nearest established marker.
Disagreement between the genetic map and sequence assembly
For a small number of marker loci, the location on the genetic map and their presumed physical location were incongruent. Disagreements in ordering are easily identified on the integrated genetic map (Fig. 1) by intersecting transverse lines connecting corresponding loci on the linkage groups and chromosomes. Such differences could be due to problems with markers, such as amplification of an unintended target locus, a misassembly in the reference sequence, or an actual polymorphism between the mapping population and the sequenced individual. In the cases where ordering disagreed, we confirmed that the correct locus (Small et al. 2007a) . When two or more markers on the same reftig allowed the orientation of the fragment to be resolved, the orientation is indicated with a red arrow pointing up or down for the positive or negative orientation, respectively. Red diamonds indicate unknown orientation. The gap size between reftigs is arbitrary since the true physical distance between mapped reftigs is unknown.
was amplified by subcloning. However, without additional sequencing data from the sequenced individual it is not possible to distinguish between a misassembly and a true polymorphism.
In just two cases, markers thought to reside on the same reftig mapped to different linkage groups. Of the five markers on reftig 156, one clustered with linkage group 1 while the other four clustered with linkage group 2. Of the two markers on reftig 46, one clustered with linkage group 11 and the other clustered with linkage group 14. We explored various possible causes of these inconsistencies by subcloning and sequencing amplicons, and by sensitive alignment of the reftigs to the C. intestinalis genome with BLAST (Altschul et al. 1990 ). We found that reftig 46 is highly repetitive, and that reftig 156 aligns well to C. intestinalis chromosome 9 (96% of BLAST alignments). Although reftig 156 is shown in both chromosomes 1 and 2 in Figure 1 , for reference, we assigned it to chromosome 2 (Supplemental Table  2 ) because of the conserved synteny between C. savignyi chromosome 2 and C. intestinalis chromosome 9 (described in greater detail below). Similarly, reftig 46 is shown in both chromosomes 11 and 14 ( Fig. 1 ), but has been assigned to chromosome 14 (Supplemental Table 2 ).
Extensive retention of synteny between C. savignyi and C. intestinalis
The construction of chromosomes in C. savignyi made it possible to compare conservation of synteny between it and C. intestinalis. Sensitive nucleotide-level alignments between these two species were previously generated using a combination of global and local (glocal) alignment (Brudno et al. 2007 ). To enrich for highquality and putatively orthologous alignments, only reciprocal best alignments were used in our analyses. Construction of the C. savignyi chromosomes allowed remapping of these alignments from unordered reftigs to chromosomes. We identified syntenic chromosome pairs between the species by measuring the extent of alignment between the pairs. The extent of alignment was expressed as the percent score (P S ) or percent length (P L ). These were defined as the percentage of the sum of individual alignment scores or sum of individual alignment lengths, respectively, of all alignments associated with a chromosome in one species that corresponded to a particular chromosome in the second species. The scores and lengths of the alignments provided two different, but related, measures of the quality and extent of each alignment. Regardless of which metric was used, 11 C. savignyi chromosomes (2-9, 11-13) and 11 C. intestinalis chromosomes formed reciprocal best aligning chromosome pairs (Tables 1, 2) , which we refer to as syntenic pairs.
Initially, we thought that C. savignyi chromosome 10 might represent an exception to the pattern of conserved synteny. It aligned best to chromosome 13, but this chromosome accounted for only 7.8% of the P S score of chromosome 10 to the C. intestinalis genome. Upon closer inspection of the C. intestinalis sequence, however, we realized that chromosome 11 and the scaffolds that comprise it-although they were assembled by Shoguchi and colleagues (Shoguchi et al. 2006 )-were entirely absent from the publicly available version of the assembly. Since chromosome 11 was absent from the assembly, there were no alignments involving it. To determine if this missing chromosome might represent the syntenic match to C. savignyi chromosome 10, we obtained C. intestinalis chromosome 11 and used BLAST (Altschul et al. 1990 ) to generate alignments between C. savignyi chromosome 10 and a complete C. intestinalis genome. Of the resultant BLAST alignments, which were stringently filtered, 43.6% corresponded to the newly appended chromosome 11. C. intestinalis chromosome 1 was the second best hit, garnering just 7.3% of the BLAST alignments. A significant fraction of the alignments (21.6%) were to unmapped C. intestinalis reftigs. We conclude that C. savignyi chromosome 10 is syntenic with C. intestinalis chromosome 11.
Chromosome 14 was the only linkage group for which we were unable to identify a syntenic match. The P S score (70.6%) indicates that it aligns best with C. intestinalis chromosome 5. However, C. savignyi chromosome 5 and C. intestinalis chromosome 5 form a reciprocal best aligning pair. Further analysis revealed that the total extent of alignment of chromosome 14 to any C. intestinalis chromosome was limited. Using BLAST (Altschul et al. 1990 ) to conduct a more sensitive search, we attempted to identify a region of C. intestinalis orthologous to chromosome 14. Still, no regions of significant similarity were found. In fact, the distribution of BLAST alignments indicated that the reftigs comprising chromosome 14 are composed of highly repetitive regions. 
Extensive intrachromosomal rearrangements between C. savignyi and C. intestinalis
Next, we examined the retention of colinearity between the syntenic pairs of chromosomes. The remapping of alignments from reftigs in C. savignyi to chromosomes allowed us to plot the physical distribution of alignments on the syntenic pairs. Colinearity between the two species appears to have been almost completely abolished, with only small blocks (<<1 Mb) remaining (Fig. 2) . Rearrangements have been extensive, as the blocks also do not appear to be arranged along either main diagonal. Rearrangements also appear to have occurred frequently between the different arms of the chromosomes in the seven instances where both chromosome arms have been assembled in C. intestinalis. When the distribution of alignments between all pairs of chromosomes is viewed simultaneously, the extent of the retained synteny and loss of colinearity is truly remarkable ( Fig. 3; Supplemental Fig. 1 ).
A recent fusion occurred between ancestral chromosomes 1 and 3 in C. savignyi C. savignyi chromosome 1 is syntenic with both chromosomes 1 and 3 in C. intestinalis. Alignments to these two chromosomes jointly represent 97.7% of the P S score involving C. savignyi chromosome 1 (Fig. 4A ). The C. intestinalis chromosomes also reciprocally align best to chromosome 1 (>82% of P S score). The physical distribution of alignments (Fig. 4B ) reveals two distinct regions on chromosome 1, each aligning almost exclusively to just one of the C. intestinalis chromosomes. Thus, synteny appears to be retained in the two regions, but within each, the colinear blocks have been extensively rearranged. Only a small number of alignments between chromosome 1 and the pair of chromosomes in C. intestinalis occur between nonsyntenic regions.
The boundary between the two regions appears to be located either on reftig 31 or in the gap between it and reftig 27. Strong linkage in both parents between markers on either side of the boundary make it highly unlikely that the observation is due to an error in linkage or a segregating fusion/fission polymorphism. Instead, the conservation of synteny between the two regions on chromosome 1 and the two chromosomes in C. intestinalis suggests either a fusion between ancestral chromosomes in C. savignyi, or a fission of an ancestral chromosome in C. intestinalis. We reasoned that if there had been a fission event in C. intestinalis, either ancient or recent, there would not be two distinct regions of synteny in C. savignyi. For an ancient fission event, intrachromosomal rearrangements in C. savignyi after the event would have distributed blocks of colinearity to the two chromosomes in C. intestinalis along the entire length of chromosome 1, eliminating the distinct syntenic regions. Likewise, if a recent fission event in C. intestinalis occurred, rearrangements in the period prior to the event would have shuffled colinear blocks in C. savignyi along the entire length of chromosome 1, and again distinct regions of synteny should not be observed. Thus, a fusion event must have occurred between ancestral chromosomes 1 and 3 in the C. savignyi lineage. Had the fusion been ancient, the distinct regions of synteny on chromosome 1 would have degraded over time. Since only a few rearrangements appear to have occurred between the distinct regions in C. savignyi, the fusion is likely to be relatively recent.
Assigning unmapped reftigs in both species to chromosomes
The near absence of interchromosomal rearrangements makes it possible to use the interspecies comparison to infer to which chromosome unmapped reftigs or scaffolds belong. For example, an unmapped reftig in C. savignyi that aligns primarily to a chromosome in C. intestinalis can be putatively assigned to the chromosome that is syntenic to the known C. intestinalis chromosome. We assigned reftigs or scaffolds only if >75% of the fragment's cumulative glocal alignment score corresponded to a single chromosome in the other species. Using this procedure, we assigned 123 C. savignyi reftigs to chromosomes (Supplemental Table 3 ), amounting to an additional 11% (18.8 Mb) of the sequenced genome. Applying the converse procedure to unmapped scaffolds in C. intestinalis, we mapped 155 C. intestinalis scaffolds to chromosomes (Supplemental Table 4 ), also amounting to an additional 11% (18.6 Mb).
Discussion
Traditionally, the construction of a genetic map precedes the generation of a whole-genome sequence, and involves the laborious creation of a physical map as an intermediate. For C. savignyi, the availability of a high-quality genome sequence greatly facilitated construction of a genetic map, and obviated the need Percentage of the sum of all individual alignment scores involving the noted C. savignyi chromosome and the best aligning chromosome.
for a physical map. The sequence enabled us to generate reliable markers despite the extreme level of variation in this species; because of the variation, these markers were highly informative. The strategy we employed for generating the map may serve as a model for building genetic maps for other organisms, many of which will also have their genomes sequenced before a genetic map is built, and many of which will also be highly polymorphic.
CAINS markers
Development of CAINS markers was a key part of the strategy to leverage the genome sequence for genetic map construction. In general, the most useful genetic marker assays capture lots of polymorphism while allowing reliable amplification, and they are easily shared and detected by different laboratories working on different mapping populations; the final set of marker assays should be widely dispersed to maximize the fraction of the genome that is tightly linked to a marker. The set of CAINS makers we developed meet all of these criteria, and should additional marker development be required in the future, it will be straightforward to add to the initial CAINS set because of the large number of potential CAINS sites in the genome, and because the map position of most future marker candidates is predictable from our current work. Relative to SSLP markers, CAINS markers do require more work in their initial characterization. Each CAINS marker must be individually amplified, restriction-digested, and examined to determine if multiple alleles are segregating. However, SSLP markers were determined not to be an option in this species due to a prohibitively high rate of amplification failure. Other markers, such as AFLP, are useful for mapping individual loci (Veeman et al. 2008 ), but cannot be targeted a priori to specific regions in the genome.
The C. savignyi genetic map
Targeting marker development to specific regions on the reftigs facilitated construction of an apparently complete, high-quality map. Conventional mapping strategies generally use randomly distributed markers, but chance and biases in the distribution of these markers often result in maps with substantial gaps in coverage. For example, prior to the work of Jacob and colleagues (Jacob et al. 1995) there were 550 loci on the 1500-cM map of the rat, but because of the uneven distribution of these markers there were still multiple linkage groups on at least five chromosomes. Jacob and colleagues finally achieved full coverage of the rat genetic map with a concerted effort using SSLP makers at a density of 0.29 Loci per Centimorgan (L/cM) (Jacob et al. 1995) . In zebrafish, an early map constructed of RAPD makers to a density of 0.16 L/cM contained four more linkage groups than chromosomes (Postlethwait et al. 1994 ). The marker density of the C. savignyi map is 0.14 L/cM lower than the efforts mentioned, but the number of linkage groups (14) is consistent with the number of chromosomes observed in this species (Colombera et al. 1988 ), suggesting completeness.
Additional evidence also suggests that the map is complete. The remaining unmapped reftigs appear to be unbiased in their distribution among the chromosomes. The additional 11% of the genome mapped by comparison with C. intestinalis showed roughly even distribution among the existing chromosomes. Therefore, the 24 Mb of remaining unmapped sequence might also be expected to distribute evenly among the remaining 14 chromosomes. In this scenario, just 1.7 Mb (8.5 cM) per chromosome remains unmapped. Furthermore, the remaining sequence is likely to simply intercalate into the gaps between mapped assembly fragments. While coverage is not exceedingly dense, the relatively even spacing of markers, on average, put any point in the genome within 4.4 cM of the nearest marker.
While we made every reasonable effort to resolve disagreements between the genetic map and sequence assembly, a small number of disagreements remain. These observed disagreements are not unexpected, and are common when genetic maps and sequence assemblies are integrated. Without additional sequence data, it is impossible to determine whether differences are due to misassemblies in the reference sequence or are the result of polymorphisms between the mapping population and the sequenced individual. However, given the extreme frequency of nucleotide level and insertion/deletion polymorphism found in this organism, it would not be surprising to detect rarer types of polymorphisms such as intrachromosomal rearrangements.
The C. savignyi sequence assembly as the basis for genetic map construction
Of the 374 reftigs of the C. savignyi reference sequence, we definitively ordered 104, and putatively placed an additional 123, on the genetic map. Cumulatively, 227 reftigs representing 94% (167 Mb) of the sequenced genome have been placed onto chromosomes. A brief review of the way in which genomic resources for C. savignyi were generated over the past few years may be instructive in this context. The C. savignyi genome was sequenced to almost ‫ן31‬ coverage, due to an increase in the number of high-quality base pairs that could be obtained from Sanger sequence traces while the sequencing effort was ongoing. The high coverage, though obtained serendipitously, turned out to be a key investment that facilitated downstream efforts. First, the sequence was assembled such that the two haplomes assembled separately, at an average depth of ‫ן6>‬ coverage. In effect, the "double assembly" was like a single assembly at draft level coverage, and as a result the contiguity and size of assembly fragments was already of high quality (Vinson et al. 2005) . Then, our group generated a single reference sequence from the double assembly, which resulted in 374 "reftigs" of an N50 length of 1.8 Mb (Small et al. 2007a ). In the course of doing so, we also obtained insights into the dynamics of genetic variation in large populations that would have been impossible to obtain with a standard assembly strategy (Small et al. 2007b ). The small number of reftigs, and their large average length, allowed the direct construction of a genetic map without a physical map intermediate. In our view, had the initial sequence data been only slightly less deep, our strategy would have not worked at all, or required (at every stage) far more effort. Both the reference sequence as well as the genetic map would have likely been of considerably lower comprehensiveness and quality had the initial investment in very deep sequencing not been made.
Retention of synteny since the last common ancestor of C. savignyi and C. intestinalis
Ordering of the reference genome sequence according to the genetic map enabled the comparison of larger genome structure between the two Ciona species. For 12 of 14 C. savignyi chromosomes, a single syntenic chromosome was identified in C. intestinalis. Of the two remaining chromosomes in C. savignyi, further analysis revealed that chromosome 1 contained two distinct regions of synteny. The region of chromosome 1 between 0 cM and 64.5 cM is syntenic to C. intestinalis chromosome 1, while the (Brudno et al. 2007 ) between all C. savignyi and all C. intestinalis chromosomes were plotted by concatenating the chromosomes in each species and adjusting alignment coordinates accordingly. Unmapped reftigs and scaffolds and their alignments from both genomes (17% of C. savignyi and 46% of C. intestinalis) have been excluded. Where at least some portion of both the short (p) and long (q) chromosome arms of each of the C. intestinalis have been reconstructed, the boundary between arms is indicated by a minor tick mark on the X-axis. Alignments appear as dots because of their length relative to the displayed scale. The aspect ratio of the plot is one; the greater length of the Y-axis reflects the greater number of mapped fragments in C. savignyi.
C. savignyi genetic map
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www.genome.org remainder is syntenic to C. intestinalis chromosome 3. This observation is best explained by a relatively recent chromosomal fusion in C. savignyi. Only recent fusion in C. savignyi would result in distinct blocks of syntenic, but highly rearranged, sequence on a single C. savignyi chromosome. This change in karyotype is remarkable considering the otherwise stable set of chromosomes between these species. The few rearrangements that did occur between the two distinct regions of chromosome 1 suggest that the fusion is old enough not to be a segregating polymorphism, though we cannot rule out this possibility with the available evidence.
The only C. savignyi chromosome lacking a syntenic match is 14, which appears to be highly repetitive and might simply represent a small degenerate chromosome unique to C. savignyi and similar to chromosome 4 in D. melanogaster (Sun et al. 2000) . Interestingly, we also found that the alleles of linkage group 14 markers that were derived from one parent were weakly linked to chromosome 6. How it is possible that the markers show linkage in only one parent is a matter of speculation. One explanation is that the mapping population contains a segregating karyotype polymorphism in which one parent harbors a fusion of chromosomes 6 and 14.
The Cionas as evidence of the deleteriousness of interchromosomal rearrangements in vertebrates
Comparisons among flies and worms have shown a plethora of intrachromosomal rearrangements among a dearth of interchromosomal rearrangements within each clade (Richards et al. 2005 ; Drosophila 12 Genomes Consortium 2007; Hillier et al. 2007 ). Our comparisons indicate that the Cionas, despite a larger number of chromosomes and a statistically greater chance of exhibiting interchromosomal changes, exhibit the same extreme bias toward intrachromosomal events. In contrast, among the many vertebrates that have been compared (human, mouse, rat, dog, chicken, and certain fishes), both types of rearrangement are common. This difference between the vertebrates and invertebrates could be due to inherent biological differences, or the relatively small population sizes of vertebrates, which prevents the purging of mildly deleterious mutations by selection.
The Cionas have a very large effective population size (N e ∼ 1.5 ‫ן‬ 10 6 ) (Small et al. 2007b ). In light of Kimura's Neutral Theory (Kimura 1983) , which states that selection is more efficient in larger populations, the paucity of interchromosomal rearrangements provides strong support that such rearrangements are deleterious in these species, as might be expected since such rearrangements can produce aneuploid genotypes. Flies and worms show a similar pattern of genome rearrangement, and also have relatively large populations sizes (Fay et al. 2002; Cutter et al. 2006; Hillier et al. 2007 ). In most vertebrates, however, the balance of rearrangements is much less skewed toward intrachromosomal events (Mouse Genome Sequencing Consortium 2002; Bourque et al. 2004 Bourque et al. , 2005 Gibbs et al. 2004; Zhao et al. 2004; Jaillon et al. 2004; Woods et al. 2005; Kasahara et al. 2007) , and vertebrates have population sizes one to four orders of magnitude smaller than the invertebrates discussed here (Frankham 1995; Chimpanzee Sequencing and Analysis Consortium 2005; Tenesa et al. 2007 ). Thus, one parsimonious explanation for this fundamental difference between invertebrates and vertebrates might be that vertebrates as a clade have generally had population sizes in which fixation of a greater number of potentially deleterious alleles is favored by the inability of selection to overcome the effects of genetic drift.
Methods
Mapping population
Linkage was evaluated in 48 F 1 progeny resulting from a cross of two wild C. savignyi individuals obtained from Santa Barbara, California. Sperm and eggs were first isolated from both parents and then mixed. The larvae were allowed to settle onto plates and were reared in tanks supplied with a continuous flow of fresh seawater for ∼2 mo. Muscle tissue was excised from adults, and genomic DNA was extracted.
Genetic markers
Each marker assay consisted of a pair of PCR primers and a specific restriction enzyme used to reveal restriction fragment length polymorphisms among alleles. Like cleaved amplified polymorphic sequences (CAPS) (Konieczny and Ausubel 1993) , each pair of primers was designed to amplify a specific segment of genomic DNA selected from the genome sequence. Primers for each candidate marker were always designed to bind to adjacent exons and amplify the intervening intronic sequence. We call these markers cleaved amplified intronic sequences (CAINS). As C. savignyi is diploid, there were up to four banding patterns for each The exons used for generating candidate markers were annotated in version 1.0 of C. savignyi assembly using the Ensembl genome annotation pipeline. Only exons supported by alignment to either a C. savignyi EST or a homolog in another species were used. Some additional candidate markers were generated using the publicly available genome annotation from Ensembl (www.ensembl.org/Ciona_savignyi), which is based on version 2.1 of the C. savignyi assembly.
Synonymous substitution polymorphisms are common in coding regions of Ciona because of the generally high polymorphism rate; therefore, only primer binding sites with limited potential for mismatches, particularly in the 3Ј-end of the binding site, were selected. We used Primer3 (Rozen and Skaletsky 2000) to identify an initial set of high-quality primer binding sites independently from the upstream and downstream exon sequences. Upon these potential upstream and downstream binding sites, we then imposed a set of criteria to limit potential mismatches. The criteria were based on the degeneracy of the codons encoding the amino acid sequence at the binding site. The upstream binding site criteria were:
• the 5Ј end must begin on the first position of a codon;
• the 3Ј end must terminate on the second position of a codon that is fourfold degenerate or less; • the two codons preceding the 3Ј terminal codon must be twofold degenerate or less.
The downstream binding site criteria were:
• the 5Ј end must begin on the second position of a codon;
• the 3Ј end must terminate on the first position of a codon;
• the two 3Ј terminal codons must be twofold degenerate or less.
Because of these criteria, binding site lengths were constrained to multiples of three. Empirically, we found amplifications improved with longer primers; therefore, only primers of 20, 23, or 26 nucleotides (nt) were used. After filtering binding sites identified by Primer3 by our criteria, all combinations of the remaining acceptable upstream and downstream primers were added to a database of candidate markers.
Marker selection and characterization
Prior to mapping, at least one polymorphic marker to each target region had to be identified. Target regions were selected on reftigs >650 kb in size. Previous small-scale mapping efforts (not shown) suggested that recombination events would be rare between loci <1.5 Mb apart in a mapping cross the size of the one used in this study (96 meioses). On reftigs <1.5 Mb, one target region was selected. On fragments 1.5-3 Mb, two widely spaced target regions were selected. On the small number of fragments >3 Mb, three well-spaced target regions were selected. Uncharacterized markers from each target region were drawn from our large database of candidate CAINS markers. From these markers, four with the best annealing temperature, length, and other characteristics were selected for evaluation and characterization.
Due to the large number of markers evaluated, we used a three-stage process to identify at least one marker from each target region that was informative for recombination, preferably for both parents. In the first stage, potentially polymorphic loci were identified. Amplification with the markers from each region was tested using genomic DNA pooled from all individuals in the cross. Amplicons were then digested with each of the eight restriction enzymes used. The resulting banding patterns were evaluated for brightness and number of bands. Complex banding patterns were indicative of the number of segregating alleles. In the second stage, we selected two robustly amplifying markers with complex patterns and proceeded with amplification and digestion from 12 individuals from the cross. This let us determine if multiple distinguishable alleles were segregating. We often repeated stage two in order to identify a marker and enzyme combination revealing four banding patterns among the mapping progeny, which was indicative of a fully informative marker locus.
All PCR amplifications were carried out in Applied Biosystems optical 384-well reaction plates on an Applied Biosystems 9700 PCR machine. Common PCR reaction buffer (10 mM Tris, 45 mM KCl, 1.5 mM MgCl 2 , 0.2 mM dNTPs) and conventional Taq polymerase were used for all assays. The PCR cycling conditions were as follows: initial melting: 94°C for 30 sec; 35 cycles amplification: 94°C for 15 sec, 56°C for 15 sec, and 72°C for 1 min; final elongation: 72°C for 3 min.
All amplicons were digested with one of eight restriction enzymes (AccII, AluI, HaeIII, HhaI, MboI, MseI, MspI, RsaI), each representing a different 4-bp palindrominc recognition sites. All digests were carried out in ‫ן1‬ Buffer 2 from New England Biolabs. For consistency, we adjusted all digests to 10 mM MgCl 2 , accommodating for the quantity of PCR reaction mixture digested.
Digestion fragments were separated by agarose gel electrophoresis. The agarose used was a combination of 1.4% (w/v) Seakem LE (Cambrex Bio Science Rockland, Inc.) and 1.5% (w/v) Metaphor agarose (Cambrex Bio Science Rockland, Inc.) prepared with standard ‫ן1‬ Tris-Borate-EDTA (TBE) buffer. Electrophoresis was carried out in large-format horizontal gel boxes (Owl A6 Millipede, Thermo Fisher Scientific, Inc.). Four multichannel pipette-compatible combs were used to run 196 reactions per gel. The electrophoresis buffer used was ‫ן5.0‬ TBE, and gels were typically electrophoresed at 10 V/cm. Separated bands were visualized by post-staining with ethidium bromide in water (0.10 µg/mL).
Mapping
Assessment of linkage between pairs of markers
We initially considered all markers with four distinct marker phenotypes (banding patterns). Denoting the ordered parental genotypes as AB and CD, the F 1 progeny have genotypes of either AC, AD, BC, or BD. If the relationship between marker genotype and phenotype (banding pattern) was known, establishment of linkage could be assessed by simply counting recombinants. In the absence of such information, we consider all possible ways to assign the banding patterns to genotypes. While at a given marker there are 24 possible ways to assign banding patterns to genotypes, our inability to distinguish the order of the two parents, or the order of the two haplotypes within a parent, results in 72 unique ways to assign the banding patterns for the two markers to genotypes. For each of these 72 possible assignments, we estimate the recombination fraction between the two markers (assuming no sex difference in recombination) and a LOD score (log 10 likelihood ratio) comparing the hypothesis that the two markers are linked to the hypothesis that they are not linked (and so have recombination fraction = 1/2). The inferred assignment is that with the greatest LOD score (and so the greatest likelihood). A more detailed description of the methodology can be found in the Supplemental material.
For each of the markers with just two or three distinct banding patterns, we considered linkage to each of the fully informative markers, and not to each other. The establishment of linkage required that we consider all possible partitions of the four marker genotypes to the two or three observed banding patterns. The establishment of linkage between a partially informative marker and a fully informative marker cannot be accomplished by simply counting recombination events, as for many individuals it will not be clear, for example, whether there was 0 or 1 recombination events. Estimation of the recombination fraction between two markers was thus accomplished by maximum likelihood via the EM algorithm (Dempster et al. 1977) .
Formation of linkage groups
The pairwise linkage results (among all fully informative markers and between incompletely informative markers and the fully informative markers) were used to establish initial linkage groups. Two markers were placed in the same group if the estimated recombination fraction between them was not >0.25 and the LOD score for a test of linkage was at least 4.5. The transitive property (if A is linked to B and B is linked to C, then A is linked to C) was used to close the linkage groups.
Parental haplotype inference within each linkage group
We used the pairwise linkage information to infer the parental haplotypes within each linkage group, though recognizing that the order of the two parents and the order of the two haplotypes within each parent cannot be identified. (Thus, the haplotypes in one linkage group cannot immediately be attached to the haplotypes in another linkage group.) The haplotypes were formed starting with a pair of closely linked markers, and then working through the rest of the markers in the linkage group, considering one additional marker at a time.
Ordering of markers within linkage groups and multipoint estimation of intermarker distances
Taking the inferred parental haplotypes to be known, marker order was determined by considering all possible orders of markers or, for the larger linkage groups, all possible orders for a sliding window of markers. The chosen order was that with the maximum likelihood (that is, the marker order for which the observed data were most probable). Multipoint estimates of the recombination fractions between markers were also estimated by maximum likelihood, assuming no crossover interference. Likelihood calculations were performed via the Lander-Green algorithm (Lander and Green 1987) . The estimated recombination fractions between adjacent markers were transformed to genetic distances using the Haldane map function (Haldane 1919) . After the initial establishment of marker order, we used the locations of markers within reftigs to refine marker order, when possible.
Large gaps in the estimated linkage maps indicated the possibility that a linkage group should be split in two. In such cases, we calculated a LOD score comparing the hypothesis that the two linkage groups should remain merged with the hypothesis that they should be distinct. A linkage group was split into two if this LOD score was not large (<3). We similarly considered merging pairs of linkage groups; doing so required the consideration of the eight possible connections between the inferred haplotypes in one linkage group with those in a second linkage group.
Pairwise linkage calculations, the establishment of linkage groups, and the inference of parental haplotypes were accomplished with perl scripts written specific to the current data. The establishment of marker order and the multipoint estimation of intermarker distances were accomplished with R/qtl (Broman et al. 2003) , an add-on package for the general statistical software, R (Ihaka and Gentleman 1996) .
Synteny strength
The extent of alignment between two chromosomes was determined by calculating the percent score (P S ) or percent length (P L ). P S and P L were defined as the percentage of the sum of individual alignment scores or sum of individual alignment lengths, for P S and P L , respectively, of all alignments associated with a chromosome in one species that corresponded to a particular chromosome in the second species. To do this, we took advantage of a publicly available data set containing the whole-genome pairwise alignment of C. savignyi and C. intestinalis, constructed by Brudno and colleagues (Brudno et al. 2003 (Brudno et al. , 2007 and available from http://pipeline.lbl.gov/data/Cioin2_cioSav2/. Each of the alignments in this data set had an associated length, score, and type. The type (M1, M2, and DM) indicated whether the aligned segment of either species was involved in other alignments (M1 or M2), or if the segments aligned singly and reciprocally to each other (DM, for dual-monotonic). To enrich for orthologous sequences, we used only the DM alignments. First, we remapped the alignments, which were based on the reftigs of version 2.0 of in the C. savignyi sequence (Small et al. 2007a) , to the chromosomes we constructed. We then calculated P S and P L from the scores and lengths of each alignment. The total sum of scores or total sum of lengths for all alignments involving chromosome i was denoted T i . The sum of the scores or lengths of all the alignments between an interspecies chromosome pair was denoted S ij . Thus, P S and P L were calculated as 100%*S ij /T i for scores or lengths, respectively. Note that while S ij = S ji , the value of P S and P L depended on which species was being considered (because S ij /T i S ji /T j ).
